Quality inspection of deposited solder pastes is critical in surface mounting processes. As SMT component pitches decrease, 3D measurement of solder pastes has become more and more important in ensuring solder joint reliability. Currently, the 3D measurements for solder pastes are mainly performed by laser-based systems.
Introduction
Recently, surface mount technology (SMT) has become the dominant assembly technique in the electronics industry. In the SMT process, the interconnection between electronic components and printed circuit boards (PCBs) is realized by solder pastes.
The solder paste printing process is a delicate step, which can be easily affected by many manufacturing factors. It has been reported that 52 to 71 of SMT defects are related to the printing process [1] [2] [3] [4] . To reduce solder paste defects and save reworking costs, inspecting deposited solder pastes immediately after the stencil printing process is indispensable.
Automatic visual inspection systems are often used to inspect the solder paste printing quality. These optical-based systems are two dimensional (2D), and are capable of measuring the area and position of deposited solder pastes. They can effectively inspect defects such as paste-to-pad offset, solder bridge, solder smear, solder paste absence, and excess/undersized solder area [5] [6] [7] [8] . But they are restricted in detecting solder slump and insufficient or excess solder paste volume. Such defects need three-dimensional (3D) measurement of surface profiles and the volume of the solder pastes. As the leads of SMT components become dense, 3D measurement will become more and more important in the quality inspection of solder pastes [4, 9, 10] .
Three dimensional measurement of deposited solder pastes not only can detect the 3D defects, but also can improve the stencil printing process with feedback volume information [11, 12] . Currently, nondestructive 3D measurement of deposited solder pastes is mainly performed by laser scanning systems [9] [10] [11] [12] [13] [14] [15] [16] . These systems first project a laser line onto solder pastes and detect light reflection with optical sensors. Height data of inspected solder pastes are then acquired using the optical triangular method. The surface profile and volume of inspected solder pastes must be obtained with a sufficient number of height data points. Since only one line can be measured at a time, the laser head or the worktable must be physically moved to construct the whole 3D profile of the solder pastes. This results in slow measurement speed and the need for high-precision motion control. Any vibration occurring in the movement makes the 3D measurement imprecise. In addition, the measuring accuracy of laser scanning systems is greatly affected by laser beam spot reflection and stray light.
Phase measuring methods have been applied to perform 3D profiling of large objects, such as car models, mannequin faces, and plaster models of human teeth [17] [18] [19] . In the traditional phase measuring methods, the projected sinusoidal fringe pattern is acquired by the interference of two lasers, and the phase step is obtained by a piezocrystal (PZT) [20] [21] [22] [23] . Speckle noise produced by the laser interference may affect the intensity distribution of projected fringes, and the PZT cannot accurately shift the phase step due to its nonlinear property. The measuring accuracy is reduced accordingly.
The required sinusoidal fringe pattern in phase measuring methods can also be created by projecting an image of a white light illuminated sinusoidal transmission grating [24, 25] . The corresponding phase shifting is obtained by a stepper motor-driven translation stage. However, the movement of a stepper motor-driven translation stage cannot be continuous and precise. Due to the mechanical movement of the translation stage, the measuring accuracy will be affected by vibration, which is the main error source in applying phase shifting techniques.
In this paper, a fast and cost-effective machine vision system with a liquid crystal display (LCD) based phase shifting technique is proposed to perform 3D measurement of deposited solder paste. Different from the line-scanning measurement of laser-based systems, the proposed phase measuring system can provide full-field 3D measurement of deposited solder pastes. The proposed system uses an incoherent light source and a software-controlled LCD grating to project an area of fine sinusoidal fringes on the deposited solder pastes. The projected sinusoidal fringes will be deformed by the surface height variations of the solder pastes. By detecting the deformed sinusoidal fringes, and in combination with phase shifting analysis, full-field and high-precision 3D measurement of solder pastes in a sizable area can be efficiently acquired. Surface profile and volume of deposited solder pastes can be effectively and reliably calculated with much height data obtained from the proposed system. This paper is organized as follows. Section 2 introduces the 3D measurement principle of phase measuring methods. Section 3 describes the proposed LCD-based phase shifting technique and its implementation for 3D measurement of solder pastes.
In section 4, the performance of the proposed system in terms of measurement accuracy and repeatability is first evaluated with a standard 1-mm gauge block.
Experimental results on 3D measurement of solder pastes and the volume measurement repeatability of the proposed technique are then presented and analyzed.
This paper is concluded in Section 5. 4 The optical geometry of the phase measuring techniques is shown in Figure 1 , in which h is the surface height of the measured object. When a sinusoidal fringe pattern is projected onto a 3D object, the surface height ) , ( y x h of an object at coordinates ) , ( y x is mapped to a phase function of the deformed intensity fringe pattern, and can be resolved by [20] 
The principle of phase measuring techniques
where
Parameter k is a known constant for a given system setup, and can be acquired with a simple system calibration procedure described later in If the phase shifting increment is 2 π and the four-step phase shifting method is adopted, then the four intensity images of sinusoidal gratings by sequential phase shifting can be formulated as
By solving the four equations above, the phase )
The advantage of using the four-step phase shifting method is that a zero value in the denominator in Eq. (5), which may occur in the three-step phase shifting method, can be avoided. The phase ) , ( y x φ calculated from Eq. (5) 
The phase values on the reference plane and on the object, i.e., 
The proposed 3D measurement system

The LCD-based phase shifting technique
As aforementioned, there are two essential parts to consider in applying phase measuring technique to perform 3D measurement, i.e., generating the sinusoidal fringe pattern and shifting the generated fringe pattern with accurate phase increment.
The LCD panel has uniform optical transparency, and can be software-controlled by connecting it to a personal computer. The unique electro-optical capability of the LCD panel makes it well suited as a controllable sinusoidal transparency grating.
In the proposed system, a sinusoidal fringe pattern is first software-generated and displayed on the LCD panel to form a sinusoidal transparency grating. Let the LCD resolution be R×C. The software-generated fringe pattern in this study is given as follows. For a given column c, c = 0, 1, 2,…, C-1
where ) , ( c r F n is the n-th phase-shifted normalized intensity for n = 1, 2, 3 and 4, which correspond to the fringe patterns of four phase shifting steps; p is the fringe period in pixels; and δ is the phase shifting increment. Owing to the pixel structure of an LCD panel, control parameter δ in Eq. (7) is counted by pixels in the proposed system. In the four-step phase increment of 2 π , δ is therefore given by
After illuminating the created sinusoidal transparency grating with collimated incoherent light, the required sinusoidal fringe pattern in the phase measuring method is then obtained. It is used to project on the reference plane or the object under inspection. The projected sinusoidal fringe pattern of varying fringe period can easily be adjusted by setting the value p of the software-generated sinusoidal fringe pattern in Eq. (7).
The proposed LCD-based phase shifting system creates sinusoidal fringe patterns adaptively; it can also shift phase increment accurately. In this study, we adopt the four-step phase shifting method with 2 π increment (i.e., one fourth of a fringe period). Therefore, accurate phase shifting can be obtained by simply setting the fringe period to a multiple of four. Furthermore, the phase shifting process is conducted by a software-controlled process instead of a physical movement process.
This approach alleviates the limitations of the traditional methods [20] [21] [22] [23] [24] [25] that generally perform inaccurate phase shifting by mechanical movements of the PZT or slide projector. The measuring error due to the vibration of mechanical movement and inaccurate phase shifting in conventional methods can be effectively avoided with the proposed scheme. 
System implementation
The implementation of the proposed method for 3D measurement of deposited solder pastes is shown in Figure 3 . The most important part in this system is the LCD panel, which has a resolution of 600 800 × pixels. This panel is connected to a personal computer, and can be directly controlled by software to generate a The sensed image is of 640×480 pixels with 8-bit gray levels.
Calibration and measurement procedure
The representation of the physical width p l of a pixel in Eq. (8) and the system parameter k in Eq. (2) must be determined prior to the measurement process for a given system setup. In the study, an opal glass with a crossline reticle that has the exactly known width on its surface is first used as the width calibration target to acquire the p l value in mm for each pixel in the sensed image, and then a white flat plate is used as the height calibration target to obtain the system parameter k.
It can be seen from Eq. (2) that system parameter k can be derived from a known distance d (used as the constant surface height h ) divided by its corresponding phase difference, i.e., φ on the white flat plate after the movement d is then acquired with the proposed system. Following the calibration procedure described above, the system parameter k can be obtained according to Eq.
(9). The adopted calibration procedure in the proposed system has the advantage that the aberrations of the optical lens, the position of the CCD camera and the projection angle of the LCD are not necessary to be known and have no effect on the measurement accuracy.
Once the physical width p l of a pixel in the image and the system parameter k are determined, the measurement procedure of the proposed system proceeds as follows.
Step 1. Generate a fringes pattern: The sinusoidal fringe pattern is generated first using Eq. (7) and displayed on the LCD panel.
Step 2. Project sinusoidal fringes: Illuminate the LCD panel with a collimated white light. The sinusoidal fringes pattern image is focused and projected onto the rigid flat plate (the reference plane).
Step 3. Shift phases: The computer-generated sinusoidal fringe pattern that displays on the LCD panel is digitally shifted in four phase steps 0 , 2 π , π , and 2 3π .
Step 4. Calculate the reference phase: The intensity images projected on the rigid flat plate are sequentially captured by the CCD camera. Then Eq. (5) Step 7. Calculate the volume: Once the height value of every pixel in the projected image is measured, the volume of a solder paste can be calculated from Eq.
(8).
Experimental results
In this study, a standard 1-mm gauge block of grade 0 (the accuracy is ±0.12 um) was used to evaluate the measurement capability of the proposed system. The 1-mm gauge block was placed on a white flat plate, and the plate is used as the reference plane of the measurement system. Figures 4(a)-(d) show the image of the 1-mm gauge block used for testing, the projected image, the range image as an intensity function (the brightness is proportional to the height) and the 3D surface profile of the gauge block. Note that the projected region in Figure 4 (b) contains both a partial gauge block and a partial white flat plate so that the desired 1-mm surface height can be evaluated and the 3D profile of the step height can be visualized.
The resulting mean step height of the projected area of the gauge block is 1.0058 mm and the standard deviation is 0.00831 mm. Note that the ideal height of the gauge block is 1 mm. To investigate the measurement repeatability, nine equally-spaced points within the projection area of the gauge block, as shown in Figure 4 (c), were measured twenty times by the proposed system. The means, the standard deviations and the accuracy of the measured heights for each of the nine test points are summarized in Table 1 . The height accuracy of each point is computed by [29] In terms of the volume measurement of each pixel (volume pixel, voxel), the average voxel is 0.000881 mm 3 and the standard deviation of a voxel is 0.000001 mm 3 .
In the experiments, a sample PCB is used to evaluate the efficacy of the proposed 3D measurement system for deposited solder pastes. The test board was a momery module board with printed Sn-Pb solder pastes (Power Quotient International Co., Ltd.). The measured area of the sample PCB solder pastes is marked with the white-dotted frame in Figure 5 (a). The height of solder pastes under inspection is 0.1 mm on average. A sinusoidal fringe pattern is projected on the measured area, and the projection area is 7×7 mm 2 . The width of the computer-generated fringe period is 32 pixels, which corresponds to a projected fringe period of 0.56 mm on the inspection object. Figure 5(b) shows the projected fringes image. According to the volume formula of Eq. (8), one of the deposited solder pastes in Figure 5 was measured ten times. An average of 0.161 mm 3 with standard deviation 0.0005 mm 3 is obtained by the proposed system. For comparison purposes, this solder paste was also measured by a laser-based 3D measurement system, and the measured value was 0.160 mm 3 .
The proposed system can be easily scaled up to increase the inspection area by moving the projection lens toward the LCD panel. However, the projected fringe period will be correspondingly wider for a given fringe period generated in the LCD panel, and thus reduce the system resolution. In order to maintain good resolution in a large inspection area, we can use a fringe pattern of fine fringe periods. This can be easily achieved by resetting a smaller fringe period on the software-controlled LCD grating. For example, the projection area of the PCB sample shown in Figure 5 Volume measurement of the same inspected solder pastes is also performed in larger areas. Table 2 summarizes the means and standard deviations of the measured volume under different projection areas and fringe periods. It can be seen from Table   2 that the resulting statistics for the PCB sample in a smaller projection area ( Figure   5 (a)) and in a larger projection area (Figure 6(a) ) are approximately equal, even though the projection area is increased by 400%. The measurement repeatability in terms of standard deviation is slightly deteriorated from 0.0005 mm 3 to 0.0006 mm 3 when the projection area is increased from 7×7 to 14×14 mm 2 . A fine fringe period generally yields better measurement resolution. However, it should be noticed that the fringe period cannot be reduced unconditionally. When the fringe period becomes smaller, the fringe contrast will also be reduced and may result in insufficient signal-to-noise data points.
Besides the adaptability in the generation of fringe patterns, the efficiency of the proposed system in the 3D measurement can also be demonstrated by the above measured data. Although the projection area in Figure 6 is four times of that in Figure   5 , the measuring time is the same in the experiments. The reason is that the proposed system performs full-field 3D measurement as long as the projection area is within the field of view (FOV) of a CCD camera. This is the merit of the proposed full-field 3D measurement system. In the experiments, the processing time of the proposed 3D measurement scheme for an image of 640×480 pixels is less than 1 second on a Pentium
1.4-GHz personal computer (PC).
Under the condition of a 0.36x capturing lens and a Pentium 1.4-GHz PC, the physical area of 160 100 mm 2 corresponds to 18,225,000 measuring points (5,400 3,375 pixels) in images. The computation time of this system to check a typical 160 100 mm 2 PCB for the paste volume is less than 45 seconds if every pixel of the whole PCB image is evaluated. The computation time of this system can be further reduced with a higher performance PC. This system can also be equipped with a fast and precise x-y motion stage to automatically complete the paste volume measurement of the 160 100 mm 2 PCB.
Conclusions
In this paper, a fast 3D measurement system for deposited solder pastes is presented. The proposed system integrates a software-controlled LCD grating and an incoherent light source to generate the required sinusoidal fringe pattern and to obtain accurate shift phase. It avoids measuring errors from the laser speckle effect and inaccurate phase shifting in the application of solder volume measurement. The proposed system can perform full-field 3D measurement of solder pastes in an area.
This area-measuring approach can speed up the volume measurement of solder pastes, compared to the line-scanning scheme of laser-based systems. Furthermore, the proposed system can be easily adjusted to scale up an inspection area. Experiments from real sample PCB solder pastes have shown that the 3D profiling and volumes measured by the proposed system are efficient and effective. Table 3 shows the comparisons of accuracy and speed among the proposed technique and the existing 3D measurement techniques.
In this study, a fixed value of the system parameter k is used to derive the height of every pixel in the projected image. The calibrated k parameter allows a measurement without knowing the off-axis alignment error and lens distortion. For more accurate measurement of the height in varying coordinates of the projected image, an adaptive k approach that uses a matrix ) , ( y x k to store the corresponding k value at each individual pixel ) , ( y x location is currently under investigation.
Acknowledgements
We acknowledge financial support from National Science Council of Taiwan, ROC and Horng Terng Automation Co., Ltd. We also thank the reviewers for their helpful comments. 
